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O B J E C T I V E S We evaluated the geographic distribution of thin-cap ﬁbroatheromas (TCFAs) in the
coronary arteries using optical coherence tomography (OCT), a high-resolution imaging modality.
B A C KG ROUND Plaque rupture is the most frequent cause of acute myocardial infarction (AMI). It
has been recognized that TCFA is the primary plaque type at the site of plaque rupture.
METHOD S We performed 3-vessel OCT examinations in 55 patients: 35 AMI and 20 stable angina
pectoris patients. The criteria for TCFA in an OCT image was a lipid-rich plaque with ﬁbrotic cap thickness
65 m. The distance between each TCFA location and the respective coronary artery ostium was
measured with motorized OCT imaging pullback. The total length of all 3 coronary arteries imaged by
OCT pullbacks was 82  21 mm in the left anterior descending coronary artery (LAD), 67  26 mm in
the left circumﬂex coronary artery (LCx), and 104  32 mm in the right coronary artery (RCA).
R E S U L T S OCT detected 94 TCFAs in 165 coronary arteries. The minimum ﬁbrous-cap thickness of
TCFAs was 57.4  5.4 m in AMI patients, and 55.9  7.3 m in stable angina pectoris patients (p 
0.4). Of the total of 94 TCFAs, 28 were detected in the LAD, 18 in the LCx, and 48 in the RCA. Most LAD
TCFAs were located between 0 and 30 mm from the LAD ostium (76%). Conversely, LCx and RCA TCFAs
were evenly distributed throughout the entire coronary length. The clustering of the TCFAs was similar
in culprit segments as compared with nonculprit segments. In AMI patients, most LAD TCFAs were
distributed near side branches, mainly positioned opposite the side branch bifurcation.
CONC L U S I O N S Three-vessel OCT imaging showed that TCFAs tend to cluster in predictable spots
within the proximal segment of the LAD, but develop relatively evenly in the LCx and RCA arteries. (J Am
Coll Cardiol Img 2010;3:168–75) © 2010 by the American College of Cardiology Foundation
From the *Cardiovascular Division and the †Division of Coronary Heart Disease, Hyogo College of Medicine, Nishinomiya,
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169laque rupture with subsequent thrombus for-
mation is the most frequent cause of acute
coronary syndromes, such as acute myocardial
infarction (AMI) (1–3). Recently, it has been
eported that several vulnerable plaques other than
he “culprit” stenosis can be found in individual
atients with AMI (4,5) and that multiple plaque
uptures occur in patients with acute coronary
yndrome (6,7). These findings are likely to be the
esult of a diffuse inflammatory process that leads to
ultifocal plaque instability. Therefore, it is now
idely recognized that inflammation influences the
resence of vulnerable plaques, and thus plaque
nstability may reflect a pancoronary process. How-
ver, a previous angiographic study demonstrated
hat coronary thromboses tend to develop at “hot
pots” within the proximal third of each coronary
rtery (8).
It has been postulated that thin-cap fibroathero-
as (TCFAs), which are characterized by a large
ipid core with an overlying thin fibrous cap mea-
uring 65 m, are the precursor plaque composi-
ion of later plaque ruptures (9–11). However,
urrent imaging modalities such as angiography,
ntravascular ultrasound (IVUS), and angioscopy cannot
creen for or assess TCFAs accurately due to their
nsufficient resolution. Optical coherence tomogra-
hy (OCT) imaging has recently been introduced
or in vivo human imaging and offers a higher
esolution than any other available imaging modal-
ty, allowing for the reliable and reproducible as-
essment of TCFAs (12,13).
The current study utilized OCT to evaluate
hether TCFAs, the precursors to intracoronary
laque rupture and subsequent thrombosis, are
ocally or diffusely distributed in all 3 native coro-
ary arteries in patients with AMI and stable angina
ectoris (SAP).
E T H O D S
tudy population. A prospective but nonconsecutive
eries of 60 patients who were scheduled for percu-
aneous coronary intervention (PCI) underwent
CT examination of all 3 epicardial coronary
rteries. Forty had AMI and 20 had SAP. Patients
ith 3-vessel disease, a history of myocardial infarc-
ion, and severe left ventricular dysfunction were
ot enrolled because of the potential difficulty in
cquiring and interpreting OCT images with such
onditions. AMI was defined as continuous chest
ain at rest with abnormal levels of creatine kinase-
B. All AMI patients had ST-segment elevation p0.1 mV in 2 contiguous electrocardiogram
ECG] leads), and primary PCI was attempted
ithin 6 h of symptom onset. The mean duration
rom AMI onset to OCT examination was 4.6 
.0 h. SAP was defined as no change in frequency
r intensity of symptoms within 6 weeks. Identifi-
ation of culprit/target lesions involved the combi-
ation of left ventricular wall motion abnormalities,
CG findings, angiographic lesion morphology,
nd scintigraphic defects (6,12). All patients pro-
ided written informed consent, and approval of the
residing ethical committee was obtained.
CT imaging protocol and analysis. A 0.016-inch
ire-type imaging catheter (ImagingWire, Light-
ab Imaging, Westford, Massachusetts) was ad-
anced to the culprit/target lesion through a 4-F
ver-the-wire occlusion balloon catheter (Helios,
oodman Co, Nagoya, Japan). Then, the occlusion
alloon was inflated to 0.4 to 0.6 atm while lactated
inger’s solution was infused from the
alloon tip at 0.5 ml/s to flush blood from
he imaging field. An imaging run was
erformed from the distal segment to the
roximal segment of the culprit/target le-
ion using automated pullback at 1.0
m/s. After the treatment of the culprit/
arget lesion, OCT examinations of the
onculprit/nontarget lesions of all 3 coro-
ary arteries were performed. The arteries
ere imaged continuously over a 20- to
0-mm length from the distal segment to
he ostium. Only the most proximal 3-mm
egments of the arteries, which were ob-
cured by the occlusion balloon, were not
maged by OCT.
OCT images were analyzed by 2 independent
bservers who were blinded to the clinical presen-
ations. Said analysis was performed using propri-
tary software from LightLab Imaging and vali-
ated criteria for plaque characterization (6,14). For
ll plaques with an OCT-determined lipid core, the
brous cap thickness was measured at its thinnest
art. If the fibrous cap of a given plaque was visible,
ap thicknesses were measured 5 times, and the
verage of the 3 middle values was calculated. The
ize of a lipid lesion was quantified according to the arc of
he lipid tissue as it appeared in quadrants of the
ross-sectional OCT image. When lipid was
resent in 1 quadrant in any of the images within
plaque, it was considered a lipid-rich plaque. A
CFA was defined by OCT analysis as a plaque
ith lipid content in 1 quadrant and the thinnest
A B B
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170epresentative case is shown in Figure 1. For TCFAs
ocated in the left anterior descending coronary
rtery (LAD), transversal distribution of the asso-
iated lipid core was evaluated. The cross-section
isplaying the largest lipid core within each de-
ected TCFA was divided into myocardial and
ericardial surfaces using the take-off of a septal
ranch emerging on the side of the vessel opposite
he pericardium (15,16). The transverse distribution
f TCFAs was considered pericardial if the lipid
ore area on the pericardial surface was larger than
hat on the myocardial surface. A plaque rupture
as defined as a plaque containing a cavity that
ommunicated with the lumen with an overlying
esidual fibrous cap fragment.
tatistical analyses. Data are presented as frequencies
r mean  1 SD. Comparison was performed with
npaired Student t test and chi-square test. Interob-
erver variability was quantified using kappa concor-
ance analysis for plaque characterization. A p value of
0.05 was considered statistically significant. There
ere no corrections made in these analyses for corre-
ated observations in the same patient.
E S U L T S
aseline patient characteristics and frequency of
CFA. Of 60 patients, 3 AMI patients were ex-
luded from analysis because Thrombolysis In
rit and Nonculprit Lesions
tomography (OCT) image of the culprit lesion with lipid-rich (L) plaqu
(TCFA). (B, C, E, and F) TCFAs were also observed in the nonculpritinterior was observed.yocardial Infarction flow grade 3 was not
chieved. Two AMI patients were also excluded
rom analysis because 1 or 2 coronary arteries were
ot successfully imaged by OCT. Accordingly, a
otal of 55 patients (35 AMI and 20 SAP patients)
ere prospectively included in the study. Baseline
linical characteristics are shown in Table 1.
There were 32 culprit/target TCFAs and 62
onculprit/nontarget TCFAs. The mean value for
he minimum fibrous-cap thickness within TCFAs
as 57.4  5.4 m in AMI patients, and 55.9 
.3 m in SAP patients (p  0.4). A total of 94
CFAs were detected in 165 coronary arteries: 28
CFAs in the LAD, 18 in the left circumflex
oronary arteries (LCx), and 48 in the right coro-
ary arteries (RCA). The total length of all 3
oronary arteries imaged by OCT pullbacks was 82 21
m in the LAD, 67  26 mm in the LCx, and
04 32 mm in the RCA. Interobserver variability
ielded acceptable concordance for TCFA (kappa 
.88). Angiographic appearance of nonculprit
CFAs with AMI patients was normal in 12
esions (22%), hazy in 5 (9%), and critical stenosis
50% of diameter stenosis) in 22 (41%). Similarly,
ngiographic appearance of nontarget TCFAs with
AP patients was normal in 5 lesions (63%), hazy in
(13%), and critical stenosis (50% of diameter
tenosis) in 1 (13%).
overed by a thin-ﬁbrous cap (53.3 m) (arrowheads) indicates
ments. (D) OCT image of a ﬁbrous plaque showing a homoge-Figure 1. OCT in Culp
(A) Optical coherence e c
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171patial distribution of TCFAs. The distance between
inimum fibrous-cap thickness site and coronary
stium was 22  12 mm in the LAD, 32  18 mm
n the LCx, and 41  26 mm in the RCA.
requency distribution is shown in Figure 2. LAD
CFAs were predominantly located in the proximal
egment: the first 30 mm from the LAD ostium
76%, 22 of 29) and the first 40 mm from the LAD
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Figure 2. Frequency of TCFAs According to Distance From Coro
The frequency of 94 thin-cap ﬁbroatheromas (TCFAs) according to d
descending artery (LAD), the left circumﬂex artery (LCx), and the rig
Table 1. Baseline Clinical Characteristics (n  35)
Age, yrs 67 11
Male 34 (62)
Hypertension 36 (65)
Hypercholesterolemia 36 (65)
Diabetes mellitus 21 (38)
Cigarette smoking 12 (22)
Lipid proﬁles, mg/dl
Total cholesterol 205 38
LDL cholesterol 122 31
HDL cholesterol 52 12
Triglycerides 127 70
Family history of CAD 15 (27)
Target coronary artery, %
Left anterior descending 26 (47)
Left circumﬂex 8 (15)
Right 21 (38)
Angiographic analysis, mm
Reference segment 3.2 0.8
Minimum lumen diameter 0.4 0.6
Multivessel disease 16 (29)
Values are given as n (%) or mean  SD.
CAD  coronary artery disease; HDL  high-density lipoprotein; LDL 
low-density lipoprotein.the proximal segments of the artery.stium (97%, 28 of 29). LCx TCFAs were evenly
istributed throughout the length of the LCx that
as imaged: only 47% (8 of 17) of LCx TCFAs
ere located within the first 30 mm from the
stium. RCA TCFAs were also evenly distributed
hroughout the length of the RCA that was imaged:
nly 42% (20 of 48) of RCA TCFAs were located
ithin the first 30 mm from the ostium. The
istribution pattern was similar in culprit/target
CFAs compared to nonculprit/nontarget TCFAs
Fig. 3).
In 51% (48/94) of TCFAs, there was a side
ranch (1.0 mm of reference diameter on angio-
ram) near the minimum fibrous-cap thickness site
f TCFAs (29 proximal and 19 distal to the side
ranch); 76% (22 of 29) in the LAD, 47% (8 of 17)
n the LCx, and 38% (18 of 48) in the RCA. The
ean distance between minimum fibrous-cap
hickness site and the side branch measured 2.0 
.4 mm.
patial distribution of ruptured plaques. Infarct-
elated lesion plaque rupture was found in 16 (46%)
MI patients, and target lesion plaque rupture was
ound in 2 (10%) SAP patients (p  0.008). There
as 1 noninfarct-related/nontarget plaque rup-
ure in 11 (31%) AMI patients and 3 (15%) SAP
atients (p  0.2). The distance between minimum
brous-cap thickness site and coronary ostium was
6  8 mm in the LAD, 49  27 mm in the LCx,
nd 43  23 mm in the RCA. Frequency distribu-
ion is shown in Figure 4. Most LAD ruptured
laques were clustered in the proximal segment, and
0 60 70 80 90 >90
ronary Ostium (mm)
LAD (n=29)
LCX (n=17)
RCA (n=48)
Ostium
nce from each coronary ostium is shown for the left anterior
oronary artery (RCA). Most LAD and LCx TCFAs tend to cluster in5
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172CA plaque ruptures were evenly distributed
hroughout the entire coronary length.
patial and transversal distribution of LAD TCFAs in
MI patients. In the LAD, 27 plaques that did not
isplay the OCT criteria for TCFA were also
dentified during the OCT examinations. The dis-
ribution pattern in the LAD was significantly
0
3 10 20 30 40
3
6
9
12
Distance from the
Non-culprit/
N
um
be
r o
f T
CF
A
s
0
3 10 20 30 40
3
6
9
12
Culprit/
Figure 3. Frequency Distribution of TCFA at Culprit and Noncul
The frequency distribution of thin-cap ﬁbroatheromas (TCFAs) acco
anterior descending coronary artery (LAD), the left circumﬂex coron
culprit lesions are shown separately. The distribution pattern was si
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Figure 4. Frequency of Ruptured Plaques According to Distance
The frequency of ruptured plaques according to distance from each
plaques was similar to that of thin-cap ﬁbroatheromas. Most left an
located in the proximal segments of the artery. Right coronary arte
entire coronary length. LCx  left circumﬂex coronary artery.ifferent between 26 TCFAs and 27 non-TCFAs
Fig. 5). The average distance from each plaque to
AD ostium was significantly shorter in TCFAs
ompared to non-TCFAs (22  13 vs. 39  15
m, p  0.001).
In AMI patients, 20 of 26 LAD TCFAs (77%)
ere located near the side branch (14 proximal and
0 60 70 80 90 >90
ronary Ostium (mm)
n-target Lesion
LAD (n=13)
LCX (n= 2)
RCA (n=17)
0 60 70 80 90 >90
get Lesion
LAD (n=16)
LCX (n=15)
RCA (n= 31)
Lesions
to distance from each coronary ostium is shown for the left
artery (LCx), and the right coronary artery (RCA). Culprit and non-
r in culprit TCFAs as compared with nonculprit TCFAs.
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ronary ostium is shown. The distribution pattern of ruptured
r descending coronary artery (LAD) ruptured plaques were
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173distal to the side branch). The distance between
inimum fibrous-cap thickness site and the side
ranch measured on average 1.5  1.1 mm.
In the 54% of LAD TCFAs observed near the
iagonal branch, the lipid core was located opposite
he diagonal branch in 57%, adjacent in 43%, and
oncordant in 0%. Of the 14 TCFAs located near the
iagonal branch, 13 (93%) had a pericardial and only
(7%) a myocardial distribution. Similarly, in the 23%
f LAD TCFAs observed near the septal branch, the
ipid core was located opposite the septal branch
ake-off in 50%, perpendicular in 17%, and concor-
ant in 33%. Of the 6 TCFAs located near the septal
ranch, 4 (75%) had a pericardial and 2 (25%) had a
yocardial distribution.
I S C U S S I O N
ith 3-vessel OCT imaging, we evaluated the
istribution of TCFAs in the native coronary arter-
es of 55 patients with both AMI and SAP. TCFAs
ere clustered in the proximal segments of the
AD, but distributed relatively evenly through the
ntire LCx and RCA arterial lengths. In AMI
atients, most TCFAs located in the LAD were
riented toward the pericardial side or opposite the
ide branch bifurcation.
Our results are in accordance with previous
athological observations (17), which showed that
CFAs were found in the proximal LAD, proximal
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Figure 5. Frequency Distribution of TCFAs and Non-TCFAs Loca
The frequency distribution of thin-cap ﬁbroatheromas (TCFAs) and
(LAD) according to distance from each coronary ostium. The distrib
different between 26 TCFAs and 27 non-TCFAs. The average distanc
compared to non-TCFAs.nd middle RCA, and proximal and middle LCx. Lhis pathological evidence fits well with the angio-
raphic study demonstrating that epicardial coro-
ary thrombosis tends to cluster within the proxi-
al third of each coronary artery (8). This current
CT study agrees with Wang et al. (8) regarding
he proximal distribution of the LAD and mid-
egment distribution of the RCA.
However, in this study, LCx TCFAs were distrib-
ted evenly through the length of the LCx that was
maged by OCT. Possible reasons for the discrepancy
etween the current OCT study and the previous
ngiographic and autopsy studies are not entirely clear;
ne explanation may include differences between
tudy populations. In this study, patients with triple-
essel disease were excluded because of the potential
ifficulty in acquiring OCT images. This selection
ias might affect the discrepancy. The angiographic
tudy enrolled only patients with acute vessel occlu-
ion, regardless of the underlying plaque pathology,
nd furthermore enrolled only culprit lesions, whereas
ur current OCT study included all TCFAs regardless
f clinical consequences. It is well known that coro-
ary events, such as plaque rupture and erosion, can
ccur not only at culprit lesions, but also at nonculprit
esions.
In line with the current study, previous IVUS
tudies revealed that LAD plaque ruptures predom-
nantly occurred in the proximal segments, whereas
Cx plaque ruptures were evenly distributed in the
40 50 60 70
ronary Ostium (mm)
TCFAs (n=26)
Non-TCFAs (n=27)
in the LAD According to Distance From Coronary Ostium
TCFAs located in the left anterior descending coronary artery
n pattern in the left anterior descending artery was signiﬁcantly
om each plaque to LAD ostium was signiﬁcantly shorter in TCFAs Co
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utio
e frCx tree (18). Detection of plaques with complex
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174orphology, such as previously ruptured plaques,
ay be more precise with OCT than with IVUS
ecause the higher resolution of OCT permits
etter differentiation of heterogeneous plaque com-
osition. The 10-m resolution of OCT allows the
eviewer not only to identify plaques that have
lready ruptured and subsequently healed, but also
o identify plaques that may be prone to rupture due
o a TCFA structure (12,13).
There are several possible explanations for the
patial distribution of TCFAs. The distribution of
CFAs seems to resemble the distribution of cor-
nary atherosclerosis as assessed with IVUS (19), as
ell as the larger arterial diameter present in the
roximal LAD and LCx and throughout the RCA.
he segments identified in this study might be
oints of vessel tortuosity and frequent branching,
esulting in significant variations in shear stress as
ompared with other arterial segments (20). Shear
tress affects endothelial damage and cap fatigue,
oth of which may contribute to plaque vulnerabil-
ty (21). Furthermore, disturbed shear stress influ-
nces the site selectivity of atherosclerotic plaque
ormation as well as its associated vessel wall re-
odeling, which can contribute to plaque vulnera-
ility, such as the development of TCFAs (20).
In the current study, 51% of TCFAs were located
ear a side branch, particularly in the LAD (76%),
hich may cause flow instability. The side branch
ffects shear stress distribution in the associated main
ranch by diminishing it in the region within 3 mm of
he side branch (22). Such regions in the main branch
ere identified both proximal and distal to the side
ranch (24). In addition, a previous study reported
hat endothelial cells near side branches have a re-
uced ability to repair wounds compared with endo-
helial cells residing in nonbranch regions (23). In this
tudy, the lipid core within identified TCFAs was
ainly located opposite the side branch bifurcation in
he LAD. In these geometrically predisposed loca-
ions, shear stress on the vessel wall is significantly
ower in magnitude and exhibits directional changes
nd flow separation (24). Low shear stress enhances
he oxidation of lipids and their accumulation (25),
ossibly contributing to the formation of lipid pools
uring the development of atherosclerosis plaques.
The interplay among systemic and local factors
ontributing to the progression and vulnerability of
therosclerotic coronary lesions should be concen- Jrated on in an attempt to control the chronic and
cute consequences of coronary atherosclerosis (26).
hus the finding that coronary plaques show a vul-
erable morphology if proximally located along the
ongitudinal axis of the vessel in comparison to those
ore distally located in the same artery, especially in
he LAD of AMI patients, might allow development
f more aggressive strategies for prevention of second-
ry coronary events in AMI.
tudy limitations. Further studies are required to re-
onfirm the results in a larger number of patients.
ecause the proximal segments of the target coronary
rteries had to be occluded to remove blood from the
maging field, real ostial segments were not imaged.
lthough OCT imaging was performed in all 3
oronary arteries, some distal segments of each coro-
ary artery were not imaged due to tortuosity. Because
he transversal distribution of TCFAs was only ana-
yzed in the LAD, we cannot speculate whether
CFAs were mainly distributed relative to the side
ranch bifurcation or pericardium side in the same
anner in the other 2 coronary arteries. The trans-
ersal distribution of plaques could not be analyzed
ccurately in the LCx and RCA because these arteries
ad fewer side branches compared with the LAD.
ome TCFAs at the infarct-related lesion of AMI
atients might be missed due to large intramural
hrombus covering the plaque. Finally, coronary
hrombectomy before the OCT examination might
ffect the morphologic features of the infarct-related
esion.
O N C L U S I O N S
hree-vessel OCT imaging showed that pre-rupture
CFAs tend to cluster in predictable hot spots within
he proximal segments of the LAD but are evenly
istributed throughout the entire LCx and RCA.
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